Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide), the major pungent ingredient of red pepper, has been reported to possess anti-carcinogenic and anti-mutagenic activities. In this study, the anti-migration activity of capsaicin on highly metastatic B16-F10 melanoma cells was investigated. Capsaicin significantly inhibited the migration of melanoma cells without showing obvious cellular cytotoxicity at low doses. This effect correlated with the down-regulation of phosphatidylinositol 3-kinase (PI3-K) and its downstream target, Akt. Although B16-F10 cell migration was increased by the PI3-K activator through the activation of Akt, these PI3-K activator-induced phenomena were attenuated by capsaicin. Moreover, capsaicin was found to significantly inhibit Rac1 activity in a pull-down assay. These results demonstrate that capsaicin inhibits the migration of B16-F10 cells through the inhibition of the PI3-K/Akt/Rac1 signal pathway. The present investigation suggests that capsaicin targets PI3-K/Akt/ Rac1-mediated cellular events in B16-F10 melanoma cells. Consequently, capsaicin administration should be considered an effective approach for the suppression of invasion and metastasis in malignant melanoma chemotherapy.
Introduction
Cancer metastasis remains the major cause of death in cancer patients. Metastasis is a multi-step process, which involves a series of steps, including cellular adhesion to the basement membrane, invasion through the basement membrane, transfer via the circulation, extravasation, and proliferation at a distant site (Fidler and Hart, 1982) . Therefore, the prevention of tumor metastasis is one of the goals for cancer patients, and cytotoxic agents have been applied in tumor metastasis therapy regimens (Kohn and Liotta, 1995) . However, such therapy is recognized to have many serious side effects that could diminish the quality of life in cancer patients, including decreased white blood cell counts, nausea, and stomatitis. Recently, great efforts have been made to reduce the spread of malignant tumors; these efforts have focused on cell migration by using phenolic substances in dietary and medicinal plants, because non-or low-cytotoxic agents are required for tumor metastasis therapy (Ferguson, 1994) .
Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide ) is one of the major pungent ingredients found in red pepper, which is among the most commonly and frequently used spices in the world (Cordell and Araujo, 1993) . Because of its analgesic and anti-inflammatory activities, topical application of capsaicin has been used in clinical practice for the treatment of a variety of neuropathic pain conditions (Sindrup and Jensen, 1999) . Capsaicin was found to repress the growth of various immortalized or malignant cell lines through the induction of apoptosis and the inhibition of angiogenesis (Jung et al., 2001; Kim et al., 2004; Min et al., 2004) . Moreover, direct injection of capsaicin significantly suppressed the growth of tumors in C57BL/6 mice transplanted with B16 mouse melanoma cells (Morre et al., 1996) . Furthermore, the topical application of capsaicin failed to promote chemically-induced two-stage skin cancer in mice (Park and Surh, 1997; Park et al., 1998) . Despite the existence of substantial data that show the chemopreventive activities of capsaicin, its effect against tumor cell migration has not been systematically reported.
Several recent reports have demonstrated that PI3-K promotes cell migration through the activation of Akt, a downstream target of PI3-K, in normal and tumor cells (Krasilnikov, 2000; Morales-Ruiz et al., 2000; Qian et al., 2004) . In addition, being downstream of PI3-K, Rac1 is believed to be involved in cancer cell migration, invasion, and metastasis (Price and Collard, 2001) . Sustained activation of Rac1 induces the invasion and migration of tumor cells (Stem et al., 1998) . In contrast, another study has shown that the activation of Rac1 inhibits the migration of human melanoma cells (Kallergi et al., 2007) . Consequently, it remains unclear whether PI3-K/Akt/Rac1 activation is a common mechanism that is linked to the potential of various tumor cells to migrate.
In the present study, the inhibitory effects of capsaicin on the migratory properties of highly metastatic B16-F10 melanoma cells were determined. In addition, we evaluated whether a specific signaling pathway involving PI3-K phosphorylation and subsequent activation of Akt and Rac1 was involved in the anti-migratory effect by capsaicin in these cells. The results of the investigation suggest that capsaicin targets PI3-K/Akt/Rac1-mediated cellular events in B16-F10 cells, and that capsaicin should be considered a potential candidate for the development of a malignant melanoma chemotherapy regimen.
Materials and Methods

Cell and cell culture
The B16-F10 mouse melanoma cell line, a lung metastatic subline of murine B16 melanoma, was obtained from American Type Culture Collection (Rockville, MD). The B16-F10 cells were grown in Minimal Essential Medium (MEM; Gibco, Rockville, MD), supplemented with 2 mM L-glutamine, 25 mM HEPES, 2.2 mg/ml sodium bicarbonate containing 10% FBS (Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.11 mg/ml sodium pyruvate solution (all from Sigma, St. Louis, MO). The cells were cultured in a humidified, 5% CO2 atmosphere at 37 o C. Capsaicin (Sigma) was dissolved in DMSO (Sigma). In all of the studies, the B16-F10 cells were subcultured every 3-4 days, and were used for experiments at passages 48-50.
Chemicals
Capsaicin (min. 95% purity) and other chemicals were obtained from Sigma. A stock solution (200 mM) of capsaicin was made with 100% DMSO. Prior to the experiment, capsaicin was diluted to final concentrations of 50, 100, 150, and 200 μM in the culture medium.
Cell viability assay
The cell viability was assessed using MTT (Sigma). In brief, B16-F10 cells (5 × 10 3 cells/ml) were seeded on 96-well plates and cultured in MEM containing 10% FBS at 37 o C for 24 h. The medium was then replaced with serum-free medium containing the capsaicin at various concentrations (0, 50, 100, 150, and 200 μM) . After incubation for 24 h at 37 o C and 5% CO 2 , the supernatant was removed and the MTT solution (0.5 mg/ml) was added to each well 4h prior to the end of the experiment. The formazan crystals that had formed in viable cells were measured at 540 nm using a microplate reader (Molecular Devices, Sunnylvale, CA). Cell survival was determined from the measured absorbance of treated versus untreated cells.
Cell migration assay
A cell migration assay was conducted as described previously (Qian et al., 2004) , with a slight modification. In brief, the cells were serum-starved overnight, and the transwells were coated with enhanced chemiluminescence (ECL) cell attachment matrix (Upstate Biotechnology, Lake Placid, NY) at 20 μg/ml. The top chambers of transwells were loaded with 0.2 ml of cells (4 × 10 5 cells/ml) in serum-free media, and the bottom chambers were loaded with 0.6 ml of MEM media containing 0.5% FBS. The cells were incubated in the transwells at 37 o C in 5% CO2 for 24 h. A microplate reader was used to measure the optical density of the eluted solutions in order to determine their migration values. Mean values were obtained from three individual experiments.
Wound healing assay
Wounding assays were performed using a modification of the method described in a previous report (Kim et al., 2003) . Strips of thin tape (2 mm × 2 cm; 3M, Seoul, Korea) were attached to the bottom of each well of a 6-well plate, and B16-F10 cells were plated at 1 × 10 7 cells/well and allowed to attach for 3-5 h at 37 o C in a 5% CO2 atmosphere. The cells were subsequently incubated with 25 μg/ml mytomycin C (an S-phase cell cycle blocker) for 30 min. The tape strips were then removed, creating linear wounds. The plates were incubated as above with serum-free media containing capsaicin. The plates were photographed, and the distance that cells had migrated into the cell-free space was measured using a microruler. The width of the injury line was used to calculate the relative proportion wounded at time zero. Each experiment was performed in triplicate.
Rac1 pull-down assay
The activity of Rac1 was analyzed by a glutathione-S-transferase (GST)-fusion protein pull-down assay using the Rho binding domain (RBD) of the Rho protein effector p21-binding domain (PAK) (Benard et al., 1998) . cDNA encoding for the GST-PAK was kindly provided by Dr. Ha Kwon-Soo (KangWon National University, Chuncheon, Korea). The GST-PAK fusion protein was prepared by lysing bacteria (Escherichia coli BL21 strain transformed with GST-PAK plasmid construct) in a cell lysis buffer [1% Nonidet P-40, 50 mM Tris-HCl (pH 7.2), 150 mM NaCl, 10 mM MgCl2, 0.1 mM PMSF, 10 μg/ml aprotinin, and 10 μg/ml leupeptin]. Bacterial cell lysate was sonicated and clarified by centrifugation at 10,000 g for 15 min. The cleared lysate was incubated with glutathione-coupled Sepharose 4B beads (Amercham Biosciences, Freiburg, Germany) for 1h at 4 o C, and the beads were subsequently washed three times with cell lysis buffer. B16-F10 cell lysates (100 μg) of unstimulated cells or cells stimulated with capsaicin and/or PI3-K activator were prepared in 1.0 ml of the lysis buffer, and were then incubated at 4 o C for 4 h with Glutathione-Sepharose 4B beads coupled with GST-PAK fusion protein for the detection of Rac1 activity. The beads were collected by centrifugation at 10,000 g for 30 s. After resuspension of the beads in SDS sample buffer, samples were subjected to SDS-PAGE electrophoresis and transferred to nitrocellulose membranes. Blots were incubated with anti-Rac1 antibody (1:500; Cell Signaling Technology, Beverly, MA) and then with the appropriate secondary IgG antibody (1:1,000; Cell Signaling Technology), using the ECL Western blotting kit (Amercham Biosciences). Immunoreactive bands were quantified using Quality-one 1-D analysis software (Bio-Rad, Munchen, Germany).
Immunoblot analysis
In order to determine the effect of capsaicin on the PI3-K/Akt signal cascade, serum-starved B16-F10 cells were treated with/without capsaicin, LY294002 (a specific inhibitor of PI3-K), PD098059 (an MEK1 inhibitor), and a PI3-K activator for 1 h. To further investigate relationships between cell migration and the PI3-K signal pathway after capsaicin treatment in B16F10 melanoma cells, serum-starved B16-F10 cells were stimulated with capsaicin and/or PI3-K activator for 6 h. The cells were lysed in lysis buffer [20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM EGTA, 1 mM glycerophosphate, 1 mM Na 3 VO 4 , and 1 mM PMSF], and the lysates were clarified by centrifugation at 15,000 g for 10 min. The total protein content was determined using a Bio-Rad protein assay kit. For Western blotting, equal amounts (30 μg) of protein extracts in a lysis buffer were subjected to 10% SDS-PAGE analysis and transferred to a nitrocellulose membrane. The membrane was preincubated with PBS containing 5% skim milk, and was probed with anti-PI3-K (p85) (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA), anti-pPI3-K (1:1,000, Santa Cruz Biotechnology), anti-Akt (1:1,000, Cell Signaling Technology), anti-pAkt (1:1,000, Cell Signaling Technology), and anti-β-Actin (1:2,000, Cell Signaling Technology) in PBS containing 5% skim milk at 4 o C overnight. Following incubation with primary antibodies, the membranes were washed with PBS and incubated for 1 h with IgG secondary antibodies (1:1,000, Cell Signaling Technology). The signals were detected using an ECL Western blotting kit (Amercham Biosciences), and relative band intensities were determined with Quality-one 1-D analysis software (Bio-Rad).
Statistical analysis
Differences were assessed with a two-tailed Student's t-test for independent variables. Significance was determined as P ＜ 0.05.
Results
Capsaicin inhibits the migration of B16-F10 melanoma cells in a concentration-dependent manner
The cell migration assay was carried out to determine whether capsaicin affected metastatic cancer migration. As shown in Figure 1A , capsaicin significantly suppressed the migration of B16-F10 cells in a dose-dependent manner. The inhibition percentages were about 10, 31, 47, and 58% at capsaicin concentrations of 50, 100, 150, and 200 μM, respectively. To confirm the anti-migratory effect of capsaicin in B16-F10 cells, the effect of capsaicin on wound healing was also assessed. Whereas capsaicin-untreated cells showed com - were treated with capsaicin (0, 50, 100, 150, and 200 μM) for 24 h, and cell viability was analyzed by MTT assay. Values are expressed as a percentage of the control, which was defined as 100%. Statistical analysis was performed using a two-tailed Student's t-test for independent variables. Data are plotted as the mean ± SD (*P ＜ 0.05 vs. control).
plete wound healing within 24 h, capsaicin inhibited the wound migration of B16-F10 cells in a dosedependent manner ( Figure 1B ). To rule out the possibility that the anti-migratory effect of capsaicin is due to its cytotoxicity, the cell viability of capsaicin-treated B16-F10 cells was determined using an MTT assay. Although capsaicin showed cytotoxicity at high dosages (≥ 150 μM), it had no significant effect on cell viability at low dosages (10-100 μM) ( Figure 1C ). In the case of B16-F10 cells treated with 100 μM of capsaicin, cell migration was suppressed without any cytotoxicity ( Figure 1A and B). These results indicated that capsaicin significantly inhibits the migration of melanoma cells without obvious cellular cytotoxicity at low doses (≤ 100 μM). , and PI3-K activator (5 ng/ml) for 1 h. The expression levels of protein were determined by Western blotting with the indicated antibodies. Protein expression was quantified by using the Quality-one-4,2,0 image analyzer as described in Materials and Methods. Values are expressed as a percentage of the control, which was defined as 100%. Statistical analysis was performed using a two-tailed Student's t-test for independent variables. Data are plotted as the mean ± SD (*P ＜ 0.05 vs. control).
Capsaicin inhibits the migration of B16-F10 melanoma cells through the down-regulation of the PI3-K/Akt signaling pathway
To determine whether capsaicin inhibits B16-F10 cell migration via the PI3-K pathway, B16-F10 cells were exposed to capsaicin, and the phosphorylations of the PI3-K p85 regulatory subunit and Akt were then determined by Western blotting. Capsaicin markedly decreased the phosphorylations of the p85 regulatory subunit of PI3-K and Akt in a dose-dependent manner (Figure 2A ). These data suggested that capsaicin might suppress the migration of B16-F10 cells via the PI3-K/Akt signaling pathway.
In addition, to gain insight into the role of the PI3-K/Akt signal pathway on capsaicin-induced anti-migration of B16-F10 melanoma cells, we evaluated the effects of a PI3-K inhibitor and a PI3-K activator on the phosphorylation of Akt in B16-F10 cells. When B16-F10 cells were treated with a specific inhibitor of PI3-K, LY294002, or capsaicin, the Akt phosphorylation was inhibited by 26% or 47%, respectively. Moreover, the phosphorylation level of Akt was increased by a PI3-K activator, but it was not affected by an MEK1 inhibitor, PD098059 ( Figure 2B ). These results further demonstrated that capsaicin can mimic the role of a PI3-K inhibitor on B16-F10 melanoma cells. and/or PI3-K activator (5 ng/ml) for 24 h. The plates were photographed 24 h post-wounding, and were determined by quantifying the relative proportion wounded at time zero. Photographs as follows: (A1) control; (A2) capsaicin (100 μM); (A3) PI3-K activator (5 ng/ml); (A4) capsaicin (100 μM) and PI3-K activator (5 ng/ml). Magnification × 40. (B) Serum-starved B16-F10 cells were treated with capsaicin (100 μM) and/or PI3-K activator (5 ng/ml) for 6 h. The expression levels of protein were determined by Western blotting with the indicated antibodies. Protein expression was quantified by using the Quality-one-4,2,0 image analyzer as described in Materials and Methods. Values are expressed as a percentage of the control, which was defined as 100%. Statistical analysis was performed using a two-tailed Student's t-test for independent variables. Data are plotted as the mean ± SD (*P ＜ 0.05 vs. control; # P ＜ 0.05 vs. PI3-K activator).
To further evaluate the possible relationship between the PI3-K/Akt signal pathway and cell migration, the wound migration of B16-F10 cells treated with a PI3-K activator (5 ng/ml), capsaicin (100 μM), or a combination of the two drugs was determined. After 24 h, capsaicin significantly inhibited the PI3-K activator-induced cell migration by 28% ( Figure 3A) . Similar results were observed for Akt phosphorylation ( Figure 3B ). Akt phosphorylation was increased by the PI3-K activator, while capsaicin decreased the PI3-K activator-induced Akt phosphorylation by 69%. These results indicate that capsaicin inhibited the migration of B16-F10 cells by down-regulating the PI3-K/Akt signaling cascade.
Capsaicin inhibits the PI3-K activator-induced migration of B16-F10 melanoma cells through the inhibition of Rac1 activity
To investigate whether capsaicin-mediated antimigration was related to the inactivation of Rac1, the Rac1 activity was determined by affinity precipitation with a pull-down assay. Capsaicin caused a dramatic reduction in Rac1 activity in a dosedependent manner ( Figure 4A ). Moreover, PI3-K activator-induced Rac1 activation was significantly decreased (86%) by capsaicin ( Figure 4B ). These Serum-starved B16-F10 cells were treated with capsaicin (100 μM) and/or PI3-K activator (5 ng/ml) for 6 h. Equal amounts of the protein of B16-F10 cell lysates were affinity-precipitated with GTP-PBD bound to glutathione-agarose beads. Precipitated GTP-Rac1 was detected by immunoblotting with anti-Rac1 antibody. Protein expression was quantified by using the Quality-one-4,2,0 image analyzer as described in Materials and Methods. Values are expressed as a percentage of the control, which was defined as 100%. Statistical analysis was performed using a two-tailed Student's t-test for independent variables. Data are plotted as the mean ± SD (*P ＜ 0.05 vs. control; # P ＜ 0.05 vs. PI3-K activator).
findings indicate that decreased Rac1 activity is correlated with the inhibitory effect of capsaicin in B16-F10 cells.
Discussion
Capsaicin is an active component of red peppers of the genus Capsicum (Cordell and Araujo, 1993) . It has been reported to possess inhibitory effects on colon and gastric carcinogenesis (Jung et al., 2001; Kim et al., 2004) , and was also found to inhibit carcinogeneisis in mouse skin (Park and Surh, 1997; Park et al., 1998) . Recently, Mori et al. (2006) reported that capsaicin could be effective against prostate cancer by inhibiting androgenindependent growth. Furthermore, capsaicin had strong apoptotic activity in B16-F10 cells via the down-regulation of Bcl-2 (Jun et al., 2007) . In the present study, the anti-migratory properties of capsaicin in highly metastatic B16-F10 melanoma cells were investigated. Capsaicin efficiently suppressed the migration of B16-F10 cells without obvious cellular cytotoxicity (Figure 1) . These results suggest that capsaicin could have an effective role in the management of melanoma cancer patients.
PI3-K is considered to be one of the main intracellular factors responsible for the transmission of cell migration signals (Krasilnikov, 2000) . In addition, Akt, one of the major downstream targets of PI3-K, promotes cell motility and migration in tumor cells (Morales-Ruiz et al., 2000) . It has been indicated that the PI3-K/Akt signaling pathway is required for the invasion and metastasis of cancer cells. Thus, we hypothesized that the inhibition of the PI3-K/Akt pathway was the underlying mechanism responsible for the inhibitory effect of capsaicin on the migration of B16-F10 cells. This hypothesis is supported by the observation that capsaicin suppresses the phosphorylation of Akt (Figure 2 ). In addition, capsaicin inhibited migration and Akt phosphorylation in B16-F10 cells; these processes are activated by a PI3-K activator (Figure 3 ). These results demonstrate that capsaicin is an inhibitor of the PI3-K/Akt signaling pathway in B16-F10 melanoma cells. Our findings are basically consistent with previous reports on the inhibition of the PI3-K pathway and the suppression of cell migration by other chemopreventive agents such as red wine polyphenols (Iijima et al., 2002) , sulindac sulfide, and caffeic acid phenethyl ester (Shigeoka et al., 2003) .
Rac1 was reported to act as a downstream effector of PI3-K in several growth factor-stimulated pathways (Higuchi et al., 2001) , and to induce invasion and metastasis in cancer cells (Price and Collard, 2001) . Conversely, several studies suggest that Rac1 acts upstream of PI3-K to increase cellular motility and invasiveness in T47D mammary carcinoma cells and H-Ras-activated MCF-10A breast epithelial cells (Keely et al., 1997; Shin et al., 2005) . Rac1 activation also played a critical role in the migration of cancer cells (Stem et al., 1998) . Although we did not address the signaling pathways between PI3-K and Rac1, our results showing inhibition of Rac1 activation following capsaicin treatment in B16-F10 cells are in line with these observations (Figure 4 ). This inhibition might lead to the inactivation of Akt and may, in turn, affect the migration of B16-F10 cells. These results suggest that, in addition to its inhibitory effect on the PI3-K/Akt signaling pathway, capsaicin might also inhibit cell migration by down-regulating Rac1. However, a previous study reported that activation of PI3-K/Rac1 signaling inhibits cell migration in human melanoma cells (Kallergi et al., 2007) . Therefore, the functions of Rac1 on migration are at least in part cell type-and cell substrate-dependent. However, further studies are needed to investigate whether capsaicin-induced Rac1 activation is PI3-K-dependent in B16-F10 melanoma cells.
It is well known that capsaicin is a specific agonist of the transient receptor potential vanilloid 1 (TRPV1) family of ion channels (Caterina et al., 1997) . Several reports have indicated that the anti-cancer effects of capsaicin are not to activate TRPV1 (Raisinghani et al., 2005) , but to inhibit plasma membrane NADH oxidase (Morre et al., 1995) . Moreover, alternative anti-cancer mechanisms of capsaicin have been associated with the production of reactive oxygen species (Qiao et al., 2005) and the reduction of TNF-α . In a review, Surh (2002) indicated that capsaicin could mediate suicide in human skin cancer cells via the excessive generation of reactive oxygen species (ROS), according to the inhibition of mitochondrial and plasma membrane electron transport systems. Therefore, further study is required to determine whether the inhibition of migration by capsaicin is due to the function of capsaicin-sensitive TRPV1 channels and the availability and efficiency of antioxidant capacity.
Collectively, we found that non-toxic levels of capsaicin could efficiently suppress the migration of B16-F10 melanoma cells; this suppression is achieved through the inhibition of the PI3-K/Akt signal pathway and Rac1 activity. Thus, the present study provides novel insights into the molecular mechanisms of capsaicin. Furthermore, anti-migration of highly metastatic B16-F10 melanoma cells by capsaicin can be considered an effective approach for the suppression of cancer invasion and metastasis.
